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Abstract 

The  charge  transport  properties  including  temperature  dependent  dc  con¬ 
ductivity,  thermoelectric  power,  electron  paramagnetic  resonance,  microwave 
frequency  dielectric  constant  and  conductivity,  and  electric  field  dependent 
conductivity  of  partially  crystalline  (“physically”  crosslinked)  polyaniline  cor- 


1 


related  with  x-ray  structure  studies  demonstrate  that  charge  delocalization  in 
physically  crosslinked  polyaniline  systems  is  structurally  controlled.  Further, 
we  observe  a  positive  dielectric  constant  at  room  temperature  which  increases 
(to  values  >  10^)  with  increasing  percent  crystallinity,  size  of  crystalline  re¬ 
gions  and  polymer  chain  alignment  in  the  disordered  regions  supporting  the 
establishment  of  mesoscopic  metallic  regions.  We  propose  an  inhomogeneous 
disorder  model  for  this  system  in  which  ordered  (crystalline)  regions,  described 
by  three-dimensional  metallic  states,  are  connected  through  amorphous  re¬ 
gions  of  polymer  chains  where  one-dimensional  disorder-induced  localization 
is  dominant.  We  utilize  the  metallic  box,  interrupted  metallic  strands,  and 
Nakhmedov’s  phonon  induced  delocalization  models  to  account  for  the  tem¬ 
perature  dependence  of  charge  transport  properties  of  the  various  partially 
crystalline  polyanilines.  Novel  analyses  for  the  sample  and  temperature  de¬ 
pendent  electron  paramagnetic  resonance  linewidth  and  thermoelectric  power 
are  presented. 

PACS  numbers:  72.15.Rn,  71.30.+h,  72.80.Le,  71.20.Hk 
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I.  INTRODUCTION 


Conducting  polymers  such  as  doped  polyacetylene,  polyaniline,  and  pol3^yrrole  have 
generated  c  jnsiderable  interest  in  fundamental  and  applied  research  after  the  first  report 
of  doped  polyacetylene  in  1977  [1,2].  The  mobile  charged  defects  (solitons,  polarons,  and 
bipolarons)  in  lightly  doped  one-dimensional  chains  [3-9]  and  the  disorder  induced  charge 
localization  in  heavily  doped  systems  [10-16]  have  attracted  much  attention.  The  trans¬ 
port  models  for  three-dimensional  amorphous  semiconductors  [17]  often  have  been  used  to 
account  for  the  charge  delocalization  phenomena  in  conducting  polymers,  despite  fundamen¬ 
tal  differences.  In  conducting  polymers  the  dopant  ions  are  positioned  interstitially  between 
chains,  as  where  in  conventional  semiconductors  they  are  substituted  directly  into  the  host 
lattice.  Further,  covalent  bonding  along  polymer  chains  and  weak  bonding  between  result  in 
a  quasi  one-dimensional  morphology  which  has  important  roles  in  the  charge  delocalization 
of  these  systems  [18-23].  In  almost  all  cases,  the  conductivities  of  these  materials  decrease 
with  decreasing  temperature  unlike  conventional  metals,  even  though  their  conductivities  at 
room  temperature  may  be  as  high  as  10'^  S-cm“b 

A  common  goal  in  charge  transport  studies  of  conducting  polymers  is  the  determina¬ 
tion  of  the  nature  of  the  intrinsic  metallic  state,  where  conductivity  (cr)  at  room  temper- 
atme  comparable  to  standard  metals  {adc  ~  10"^  —  10^  S-cm“^)  and  negative  dcr/dT  (T 
is  temperature)  have  been  observed.  However,  there  have  been  many  controversial  issues 
concerning  the  absolute  conductivities  and  details  of  the  charge  transport  mechanisms.  A 
central  issue  is  wh^iiher  the  metallic  states  are  predominately  one-dimensional  (ID)  [24]  or 
three-dimensional  (3D)  [15,25].  For  example,  the  ID  random  dimer  model  using  resonance 
timneling  has  been  proposed  to  explain  the  charge  delocalization  [24].  On  the  other  hand, 
both  theoretical  [18,26-28]  and  experimental  [15,25,29-31]  studies  have  emerged  emphasiz¬ 
ing  the  importance  of  interchain  interaction.  A  second  controversy  is  whether  the  origin 
of  the  localization  phenomena  is  passage  of  ID  chains  throiigh  disordered  regions  (based 
on  the  inhomogeneous  disorder  model)  [19,20,22,25,30]  or  3D  homogeneous  disorder  [12,31]. 
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A  third  controversy  is  whether  charge  transport  is  due  to  variable  range  hopping  (VRH) 
[15,29]  with  emphasis  on  interchain  hopping  in  disordered  regions  or  charge  energy  limited 
tunneling  (CELT)  based  on  the  granular  metallic  model  (GMM)  [11,32,33].  The  quasi-lD 
VRH  model  ^xaphasizes  .est  neighbor  mter chain  hopping  in  disordered  regions  while  the 
GMM  uses  charge  tunneling  between  metallic  islands.  The  fundamental  assumption  of  the 
GMM  is  that  the  metallic  islands  are  embedded  in  an  insulating  background  and  there  is 
distinct  phase  segregation  between  the  two  states.  All  of  these  controversial  issues  originate 
from  the  complex  morphology  associated  with  conducting  polymers. 

The  highly  conducting  state  of  the  emeraldine  salt  form  of  polyaniline  (PAN-ES) 
doped  with  hydrochloric  acid  (HCl)  has  been  intensively  studied  for  the  past  decade 
[2,11-13,10,19,21,24,25,29-40].  PAN-ES  is  obtained  by  addition  of  protons  to  the  insu¬ 
lating  emeraldine  base  form  of  polyaniline  (EB)  through  treatment  with  acid.  Thus,  there 
is  no  addition  or  removal  of  electrons  to  form  the  conducting  state  [35].  With  the  recent 
advances  in  chemical  processing  the  crystallinity  and  intrinsic  transport  properties,  siich  as 
conductivity,  have  been  improved.  For  example,  the  do.  conductivity  of  HCl  doped  PAN-ES 
was  reported  to  be  -  0.1  in  1986  [34],  ~  1  in  1989  [36],  ~  20  in  1991  [15],  and  in  excess  of 
100  S-cm“^  in  1993  [38].  Recently,  aac  of  camphor-sulfonic-add  doped  polyaniline  processed 
from  m-cresol  solvent  (PAN-CSA  (m-cresol))  was  reported  to  be  ~  400  S-cm"^  at  room  tem¬ 
perature  [19,39],  The  microwave  dielectric  constant  and  its  temperature  dependence 

changed  dramatically  as  the  quality  of  polyaniline  materials  was  improved  [15,19,25,36].  For 
example,  at  room  temperature  the  values  of  emw  increased  from  ~  10  to  ~  100  to  ~  40, 000 
then  d--re.oed  to  ~  -80,000  as  the  conductivity  increased  from  ~  0.1  to  ~  1  to  ~  100  to 
~  400  S’Cm“S  respectively. 

In  this  report,  we  apply  the  experimental  methods  of  x-ray  diffraction,  charge  transport, 
and  electron  paramagnetic  resonance  (EPR)  to  study  charge  delocalization  in  partially  crys¬ 
talline  PAN-ES  samples  with  differing  degrees  of  crystallinity.  The  quasi- ID  VRH  model 
[15,29]  applied  to  charge  transport  in  the  disordered  regions  is  shown  to  account  for  the  tem¬ 
perature  dependent  dc  conductivity,  thermoelectric  power,  and  high  electric  field  dependent 
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conductivity.  Also,  from  the  correlation  between  the  low  temperature  microwave  dielectric 
constant  and  the  crystalline  coherence  lengths  obtained  from  x-ray  diffraction,  a  3D  metal¬ 
lic  state  is  identified.  Transport  results  show  that  the  scale  of  charge  delocalization  in  the 
highest  crystalline  materials  is  mesoscopic  rather  than  microscopic.  It  is  demonstrated  that 
the  charge  delocalization  is  structurally  controlled. 

In  section  II  of  this  paper,  the  charge  transport  properties  of  quasi-lD  disordered  sys¬ 
tems  are  reviewed.  Also  in  section  II,  the  metallic  box,  interrupted  metallic  strands,  and 
the  Nakhmedov  et  al.  models  are  introduced  which  later  are  used  to  account  for  the  tem¬ 
perature  dependence  of  the  microwave  dielectric  constant  and  conductivity  of  polyaniline 
with  various  degrees  of  crystallinity.  The  experimental  principles  and  techniques  for  x-ray 
diffraction,  charge  transport  and  EPR  are  described  in  section  III.  The  materials  and  ex¬ 
perimental  results  are  presented  in  section  IV,  followed  by  a  discussion  in  section  V.  Finally 
we  summarize  this  study  in  section  VI. 


II.  THEORETICAL  BACKGROUND 


A.  Charge  transport  properties  of  quasi-lD  disordered  systems 


The  quasi- ID  variable  range  hopping  (VRH)  model  emphasizing  nearest  neighbor  inter¬ 
chain  hopping  has  been  used  to  account  for  the  macroscopic  dc  charge  transport  of  polyani¬ 
lines  [15].  For  this  model 


(Tdc  oc  exp 


(1) 


where  To  =  16/(fcBiV(J5F)L||L^),  N{Ejr)  is  the  density  of  states  at  the  Fermi  level  and 
L||(Lj.)  is  the  localization  length  in  the  parallel  (perpendicular)  direction  [15,25,29].  To  can 
be  interpreted  as  an  effective  energy  barrier  between  localized  states,  and  is  a  measurement 
of  the  degree  of  disorder  in  disordered  regions.  For  example,  polyaniline  samples  with 
relatively  larger  To  have  greater  disorder  in  the  disordered  regions,  where  the  charge  cannot 
effectively  delocalize.  The  granular  metallic  model  (GMM)  of  Sheng  incorporating  charge 
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energy  limited  tunneling  predicts  the  same  temperature  dependence  of  dc  conductivity,  i.e., 

a  expl-(r„/r)V^|  (32,33). 

The  generalized  formula  for  the  electric  field  dependent  conductivity  for  dis- 

order>  i  syst3ms  in  low  electric  fields  {E  <  10^  /-cm”’  [17])  is  (y{E)  oc  exp{eRE/kBT), 
where  R  is  the  most  probable  hopping  distance.  However,  (t{E)  at  high  electric  fields 
(i?  Et  =  kBT/{eRy,  i.e.,  when  the  energy  gained  by  an  electron  in  the  electric  field,  eRE, 
is  larger  than  the  average  hopping  energy,  allowing  it  to  move  by  hopping  to  lower  E  while 
emitting  a  phonon  [17])  can  distinguish  quasi-lD  VRH  and  tunneling.  When  the  applied 
i?-field  significantly  exceeds  the  threshold  field  Et,  (t{E)  is  described  by 

rr(£;)  =  <To  exp  ,  (2) 

where  d  =  0,  1  and  3  correspond  to  GMM  [32,33],  quasi-lD  VRH  model  [29],  and  3D  VRH 
model  [17],  respectively,  and  Eq  is  a  constant. 

There  are  several  theories  for  the  thermoelectric  power  (5)  of  inhomogeneous  media.  For 
example,  effective-medium  and  percolation  models  can  account  for  the  variation  of  S  with 
the  relative  volume  fraction  of  the  metallic  component  in  a  binary  system  [41,42].  In  con¬ 
ducting  polymers,  the  thermal  conduction  mechanisms  are  more  complicated  than  in  binary 
systems  because  metallic  islands  (corresponding  to  crystalline  domains)  are  inter-connected 
by  disordered  polymer  chains  in  a  complex  manner  and  because  paracrystallinity  exists  in 
the  metallic  regions  [43].  Contributions,  distinguishable  by  their  temperature  dependence, 
to  the  thermoelectric  power  in  conducting  polymers  are  expected  from;  (a)  metallic  crys¬ 
talline  doiT'ains  and  relatively  well  organized  chains  in  the  disordered  regions,  Sm{T)  (X  T 
[17],  (b)  3D  VRH  between  metallic  islands  and  between  localized  states,  S^d{T)  oc  VT  [17], 
(c)  and  quasi-lD  VRH  in  the  disordered  regions,  Sid{T)  oc  l/T  +  constant  [29]. 

Commonly  one  of  these  contributing  terms  will  be  dominant  for  a  given  sample  crys¬ 
tallinity  and  temperature  range.  For  example,  in  highly  crystalline  samples  contributions  to 
S  from  the  metallic  domains  are  expected  to  dominate  at  high  temperatures,  on  the  other 
hand  in  less  crystalline  ones  the  quasi-lD  VRH  term  should  dominate  at  low  temperatures. 
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Thus,  a  generalized  formula  for  S{T)  in  conducting  polymers  of  various  crystallinity  is  a 
weighted  summation  of  the  above  terms: 


S{T) 


(^IpflpSlpiT)  +  (TVRH.fvRHSvRHiT)  +  CTmfmSmiT) 
(^IP flu  rCTyufilv  RH  ”1“  (^mfm 


(3) 


where  /  is  the  volume  fraction  and  a  the  conductivity  assuming  a  constant  thermal  conduc¬ 
tivity.  The  non-linear  thermoelelectric  power  therefore  can  be  fit  by 


S{T)  =  (Ti  A2/T)  +  A^^/f  +  AAT  , 


(4) 


where  Ai,  A2,  Az,  and  A/^  are  effective  coefficients  related  to  the  volume  fractions  and  relative 
electrical  conductivities  of  the  material  domains. 


B.  Microwave  dielectric  response  of  quasi-lD  systems 

The  near  zero  and  room  temperature  values  of  the  microwave  dielectric  constant  are  im¬ 
portant  for  estimates  of  the  localization  length  and  delocalization  scale  in  quasi-lD  systems. 
The  temperature  dependence  of  the  microwave  conductivity  and  dielectric  constant  provides 
information  about  the  charge  delocalization  mechanism  in  disordered  systems.  In  this  sec¬ 
tion,  we  introduce  several  theoretical  models  used  for  analysis  of  the  microwave  dielectric 
response. 


1.  Metallic  box  and  interrupted  metallic  strands  models 

The  metallic  box  model  (MBM)  [29,44]  and  the  interrupted  metallic  strands  model 
(IMSM)  [45]  represent  the  dielectric  response  of  a  quasi-lD  metallic  material  at  a  finite 
frequency.  Both  models  were  developed  in  terms  of  linear  metallic  strands  interrupted  by 
insulating  lattice  defects.  In  the  MBM  these  metallic  strands  are  considered  in  bundles 
and  treated  as  a  metallic  box.  Thus,  near  zero  temperature  the  localization  length  (L)  is 
just  the  dimension  of  the  metallic  box,  which  we  take  as  corresponding  to  the  crystalline 
coherence  length  [25].  This  model  is  useful  to  estimate  L  from  the  near  zero  temperature 


7 


dielectric  constant.  For  highly  ordered  materials  (i.e.,  greater  chain  alignment  in  disordered 
regions)  the  model  is  applicable  only  at  low  temperatures.  At  higher  temperatures  phonon 
induced  delocalization  present  in  the  disordered  regions  can  increase  the  size  of  the  delo¬ 
calized  regions.  Also,  thermal  energy  can  overcome  the  potential  barriers  in  the  disordered 
regions. 

In  the  MBM  the  real  part  of  dielectric  constant  (e^)  is  described  as  [29,44] 

e,  =  eoc  +  j  e^N{EF)L^  ,  (5) 

where  is  due  to  core  polarization,  e  is  the  electron  charge,  and  N{Ep)  is  the  density 
of  states  at  the  Fermi  level.  Equation  5  can  be  v..sed  to  estimate  L  at  zero  temperature. 
Assuming  that  N{Ep)  is  temperature  independent,  one  can  estimate  the  scale  of  the  charge 
delocalization  as  a  function  of  temperature. 

From  the  IMSM,  the  frequency  and  temperature  dependence  of  the  dielectric  response 
can  be  predicted.  The  transient  current  in  the  IMSM  due  to  the  response  to  an  electric  field 
E{t)  =  Eoe{t)  is  [45] 


I{t)  =  9{t)aoEo 


1  —  exp 


(6) 


where  rro  is  the  intrinsic  metallic  conductivity,  tq  is  the  relaxation  time  without  defects  and 
tr  is  the  mean  free  time  for  the  build  up  of  space  charge  polarization  effects  at  a  constricting 
defect.  The  complex  conductivity  at  a  finite  frequency  is  given  by  [45] 


1 _ 1 

(1  -  zwr)  {l-iLUTR)\ 

where  t  =  tqTrUtq  +  tr)  =  Xtr.  In  the  low  frequency  limit  {utr  <C  1), 
imaginary  parts  of  the  complex  dielectric  constant  are  approximated  as  [45] 


(T 


(c-) 


1  r 
Eq  Jo 


at  exp(iLjt) —T —  =  lujcTo 


(7) 

the  real  and 


Cr  Ci:  1  +  XujItI 


(8) 


and 


e,(oc  a)  ~  A(1  +  A)a;pa;r|  , 


(9) 
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respectively.  Here  ojp  is  the  plasma  frequency  defined  as  =  4Tme‘^fm*eb  where  n  is 
the  carrier  density,  m*  is  the  effective  mass  and  e*  is  the  background  dielectric  constant. 
Assuming  that  has  a  linear  temperature  dependence  (such  as  t/j  oc  [fir  +  where 
fl  is  the  increase  of  localization  length  per  increase  in  temperature  and  is  a  constant 
corresponding  to  the  crystalline  coherence  length,  i.e.,  zero  temperature  localization  length) 
the  temperature  dependence  of  and  a  at  low  frequency  will  differ  depending  on  the  degree 
of  disorder.  For  more  ordered  samples,  the  flT  term  in  dominates  and  e(T)  and  (j{T)  at 
low  temperatures  (roughly  T  <  100  K)  are 

er{T)  oc  oc  (10) 

and 

rr(r)  oc  oc  aT^  +  bT^  ,  (11) 

where  a  and  b  are  the  proportionality  constants.  For  more  disordered  samples,  the  con¬ 
duction  electrons  are  not  easily  delocalized  and  er{T)  and  cr(T)  are  weakly  temperature 
dependent  and  described  as 

e,.(r)  oc  T  (12) 

and 

a{T)  oc  cT^  +  dT  ,  (13) 

where  c  and  d  are  the  proportionality  constants. 

2.  Nakhmedov’s  model 

At  high  temperatures  the  conduction  electrons  become  delocalized  with  increasing  chain 
alignment  in  the  disordered  regions.  The  interchain  interaction  is  important  for  this  delo¬ 
calization.  Nakhmedov  et  al.  studied  the  dielectric  response  at  a  finite  frequency  including 
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the  effects  of  interchain  hopping  [46].  This  model  considers  more  than  one  hop  within  the 
disordered  regions.  The  complex  conductivity  in  a  quasi- ID  conductor  is  described  as  [46] 


a{u,  ITx)  =  (To 


W^{T)  -  iu 


1-27 


(14) 


where  (Tq  is  the  intrinsic  conductivity,  uj  is  the  frequency,  Wj_{T)  is  the  temperature  depen¬ 
dent  interchain  transfer  rate,  u  is  the  phonon  frequency  and  7  is  the  exponent  defined  below. 
The  limiting  forms  of  the  conductivity  and  the  dielectric  constant  are 


(T  ~  (To 


1-27 

CX  6^ 


(15) 


and 


f  — 

C-r  — 

U 


1-27 


^  (JLV" 
~  (2  \W^J 


(16) 


where  7  =  {T/To)ln[iy/W±{T)]  <  1  and  To  is  from  the  quasi-lD  VRH  model,  a{T)  oc 
exp(-(To/T)^/^)  [46].  The  interchain  transfer  rate  W±  can  be  written  as 


lTj_  =  exp 


^^2 

T 


(17) 


where  tj_  is  an  interchain  transfer  integral  and  is  the  interchain  hopping  time.  Therefore 
the  temperature  dependent  Cr  is  deduced  to  be 


Cr  oc  exp 


T 

To 


(18) 


As  the  slope  To  decreases  (i.e.,  increasingly  ordered  chains  in  the  disordered  regions),  the 
temperatAire  dependence  of  exponentially  increases.  On  the  other  hand,  as  To  becomes 
larger,  the  temperature  dependent  is  approximately  that  of  a  power  law. 


III.  EXPERIMENTAL  PRINCIPLES  AND  TECHNIQUES 

The  photographic  method,  which  has  the  advantage  of  recording  simultaneously  the 
scattering  intensity  from  several  directions,  was  used  to  obtain  the  x-ray  data.  The  cylin¬ 
drical  film,  with  the  sample  at  its  center,  was  placed  in  an  evacuated  chamber  to  reduce  air 
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scattering  in  order  to  perform  long  exposures.  CiiKo:  (A  =  1.542  )  monochromatic  radia¬ 
tion  was  used  after  (002)  reflection  of  the  incident  x-ray  beam  on  a  doubly  bent  graphite 
monochromator.  The  photographic  films  were  read  using  a  microdensitometer  in  order  to 
extract  qu;  i  titative  information  on  the  x-ray  oercent  crystallinity  and  coherence  lengths  of 
crystalline  regions.  The  crystalline  domain  size  or  coherence  length  ^  is  estimated  from  the 
ring’s  angular  width  A{26)  (full  with  at  half  maximum)  using  the  Scherrer  equation  [43,47] 

£  = _ _  (19) 

^  A(20)cos0  ’  ^  ^ 

where  A  is  the  x-ray  wavelength  and  9  is  the  diffraction  Bragg  angle. 

A  four  probe  technique  was  used  to  measure  the  dc  conductivity  in  order  to  eliminate 
contact  resistance.  Four  thin  gold  wires  (0.05  mm  in  diameter)  were  attached  in  parallel  to 
the  sample  surface  with  graphite  paint  (Acheson  Electrodag  502)  to  ensure  good  electrical 
contact.  The  dissipative  power  was  kept  under  10“^  Watts  to  eliminate  self-heating  effects. 

A  two  probe  method  with  a  sandwich  configuration  was  used  to  measure  the  variation  of 
conductivity  at  high  electric  fields,  (t{E).  A  HP214B  pulse  generator  was  used  to  generate 
high  voltage  pulses  with  a  maximum  amplitude  of  100  V.  Considering  the  typical  sample 
thickness  was  ~  20  —  30/im,  the  highest  electric  field  applied  to  the  sample  was  ~  5.0  —  3.3  x 
lO"*  V/cm.  Thin  gold  films  were  evaporated  on  the  sample  surfaces  for  electrical  contact. 
Heating  effects  are  detected  by  monitoring  current  variations  within  the  duration  of  the 
voltage  pulse.  If  time  dependence  occured  (caused  by  heating),  the  voltage  pulse  width 
or  amplitude  was  reduced  to  eliminate  these  heating  effects.  The  estimated  temperature 
fluctuation  at  the  sample  was  ±  0.2  K. 

For  measuring  the  thermoelectric  power,  a  modified  version  of  Chaikin’s  two  probe  tech¬ 
nique  [48]  was  used.  The  free-standing  films  were  attached  between  single  crystal  quartz 
blocks  separated  by  ~  3  mm.  The  sample  chamber  was  kept  under  vacuinn  during  the  ex¬ 
periment  to  prevent  heat  conduction.  The  temperature  difference  across  the  sample  during 
a  measurement  was  typically  <  1  K. 

Microwave  cavity  perturbation  [29,49]  at  6.5  GHz  and  x-band  (8.2—12.4  GHz)  and  mi¬ 
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crowave  impedance  bridge  techniques  [50]  were  used  for  measuring  the  microwave  dielectric 
constant  {cmw)  and  conductivity  {(Tmw)-  Advantages  of  the  cavity  perturbation  method  in¬ 
clude  its  usefulness  even  when  only  small  samples  are  available  and  elimination  of  electrical 
and  mech  micai  contact  problems.  When  a  small  perturbation  due  to  the  insertion  of  a 
sample  into  the  cavity  is  made,  a  small  portion  of  microwave  energy  is  absorbed  by  the 
sample,  causing  a  change  in  the  frequency  and  width  of  the  cavity  resonance.  The  resonance 
frequency  shift  and  loss  are  6  I  font  fin  I  /font  and  A  =  (W„  -  Wout)/fouu  respectively, 
where  /  is  the  cavity  resonance  frequency,  W  is  the  cavity  resonance  width  at  half  max¬ 
imum  and  the  subscripts  in  and  out  correspond  the  cavity  with  and  without  the  sample, 
respectively,  [51].  The  dielectric  constant  and  conductivity  are  given  by 

[6{a/N  -  6)  -  (A/2)^] 


=  1  + 


and 


^  mw 


7V[(A/2)2  +  [ajN  -  8^] 


a{A/2) 


(20) 


(21) 


Af2[(A/2)2  +  (a/yV-(5)2]  ’ 

where  N  is  the  depolarization  factor,  u>  is  the  angular  resonance  frequency  and  a  is  the  filling 
factor.  The  cavity  method  requires  an  accurate  N  when  a  rectangular  sample  is  used.  The 
results  using  the  microwave  impedance  bridge  method  are  well  suited  for  an  independent 
determination  of  the  depolarization  factor  of  a  rectangular  sample  for  use  in  the  analysis  of 
the  cavity  perturbation  results  [50].  A  detailed  description  of  the  bridge  method  used  to 
determine  (Tmw  and  Cmw  is  given  in  Ref.  [50]. 

The  EPR  spc  tra  were  obtained  using  a  Brukcr  Instruments  ESP300  (X-band)  electron 
paramagnetic  resonance  spectrometer  fitted  with  a  TE102  resonant  cavity.  Temperature 
control  from  5  to  300  K  was  achieved  using  an  Oxford  900  continuous  flow  helium  cryostat. 
Samples  were  loaded  unoriented  [52]  into  sealed  quartz  EPR  tubes  with  helium  gas  for 
thermal  exchange. 
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IV.  MATERIALS  AND  EXPERIMENTAL  RESULTS 


A.  Physically  crosslinked  polyaniline  materials 

For  the  present  work  four  partially  crystalline  lilms  (samples  A,  B,  C  and  D,  see  Table 
I)  and  one  “amorphous”  film  (sample  E)  of  fully  HCl  doped  (Cl  /N~  49  i  2%)  emeraldine 
salt  form  of  polyaniline  (PAN)  were  studied.  Samples  (A,  B  and  C)  were  prepared  using  a 
gel  process,  described  below,  which  resulted  in  varying  degrees  of  “physical”  cross-linking; 
these  samples  are  denoted  as  XPAN-ES.  Samples  D  (data  previously  reported  by  Wang  et 
al.  [29])  and  E  were  prepared  using  processes  where  gelation  did  not  occur;  these  samples 
are  denoted  as  PAN-ES. 

XPAN-ES  films,  samples  A  and  B,  were  prepared  using  high  Mw  (~  120,000  g-moU^) 
EB  [38].  This  high  Mw  EB  was  dissolved  in  N-methylpyrrolidinone  (NMP)  and  filtered  to 
make  a  3  wt.  %  solution  and  subsequently  cast  onto  glass  substrates.  The  differences  in 
the  degree  of  “physical”  cross-linking  observed  between  samples  A  and  B  were  due  entirely 
to  conditions  under  which  the  films  were  dried.  For  sample  A,  the  EB-NMP  solution  was 
cast  onto  a  glass  substrate  and  subsequently  placed  inside  a  convection  oven  at  ~  50°C  and 
allowed  to  dry  for  ~  15  hours.  For  sample  B,  the  same  EB-NMP  solution  was  cast  onto  a 
glass  substrate  and  placed  inside  a  plastic  reservoir  sealed  to  control  evaporation  of  NMP 
and  allow  gelation.  After  one  week  the  film  was  removed  from  the  plastic  reservoir,  placed  in 
an  oven  at  ~  60°C  and  dried  under  a  constant  flow  of  nitrogen  gas.  This  resulted  in  a  highly 
cross-linked  PAN-EB  film.  Sample  C  was  prepared  in  a  manner  similar  to  sample  B  although 
using  the  lower  Mw  EB.  These  samples  (A  through  C)  were  stretched  using  a  zone  drawing 
method  [53]  where  the  film  was  stretched  between  two  heated  copper  wires  (T  >  140°C).  The 
stretch  ratio  was  controlled  by  the  temperature  and  force  applied  by  the  copper  wires.  The 
emeraldine  salt  form  of  polyaniline  was  obtained  by  immersing  stretched  EB  films  in  HCl 
(pH~  0)  for  48  hours.  The  term  “physically  crosslinked”  refers  to  increased  structiiral 
local  order  among  the  chains,  not  covalent  chemical  bonding.  The  degree  of  crosslinking 
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is  controlled  by  the  appropriate  choice  of  the  Mw,  gelation  time,  and  concentration  of  the 
EB-NMP  solution. 

The  “partially”  crystalline  PAN-ES  films,  sample  D,  was  prepared  from  low  molecular 
weight  (Mw  <  70,000  g-mol“^)  emeraldine  base.  Films  were  cast  from  solutions  of  EB 
dissolved  in  NMP  on  glass,  dried  in  a  vacumn  oven  at  ~  50”C  for  ~  24  hours  and  removed 
from  the  glass  by  immersion  in  distilled  water.  Subsequently,  the  films  were  stretched  up 
to  4  times  using  a  uniaxial  web  stretching  device.  The  technique  uses  two  rollers  in  series 
where  stretching  takes  place  at  the  first  roller  held  at  148‘’C  and  the  second  roller  held  at 
lOO^C  is  used  to  anneal  the  film. 

The  “amorphous”  PAN-ES  films,  sample  E,  was  prepared  from  low  molecular  weight 
(Mw  <  70, 000  g-mol"^)  emeraldine  base  (EB).  This  low  Mw  EB  was  dissolved  in  NMP  and 
filtered  to  make  a  homogeneous  1  —  3  wt.  %  solution.  The  solution  was  then  cast  on  a  glass 
substrate  and  the  solvent  removed  quickly,  to  prevent  gelation,  by  a  rapid  stream  of  room 
temperature  air.  Approximately  15  wt.  %  of  NMP  was  permitted  to  remain  in  the  films 
to  act  as  a  plasticizer.  The  resulting  PAN-EB  films  were  completely  soluble  in  NMP  and 
essentially  amorphous  with  no  cross-linking  present.  In  addition  to  the  unstretched  PAN-ES 
film  (sample  E),  a  12.5  times  stretched  version  was  prepared  by  zone  drawing  at  180°C.  The 
doped  PAN-ES  form  of  these  films  was  obtained  by  immersion  in  aqueous  HCl  (pH  ~  0)  for 
48  hours. 


B.  X-ray  structure 

Figure  1  a-e  shows  x-ray  patterns  from  stretched  XPAN-ES  (samples  A,  B,  and  C), 
stretched  PAN-ES  (sample  D)  and  unstretched  PAN-ES  (sample  E).  A  microdensitometer 
reading  of  these  x-ray  patterns  in  the  equatorial  (i.e.  within  the  plane  perpendicular  to  the 
stretching  direction)  is  shown  in  Fig.  If.  Samples  A  through  D  are  partially  crystalline  with 
the  degree  of  crystallinity  decreasing  from  sample  A  to  D.  Listed  in  Table  I  are  the  percent 
of  crystallinity  in  equatorial  directions  {X^)  estimated  from  the  ratio  of  the  intergrated 
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intensity  of  the  sharp  reflections  above  the  amorphous  halo  to  the  total  scattered  intensity 
using  the  microdensitometer  readings  of  Fig.  If.  decreases  from  sample  A  to  sample  E, 
where  E  is  essentially  amorphotis. 

The  crystalline  regions  of  samples  A-D  have  the  ES-II  structure,  while  the  quasi- 
amorphous  sample,  E,  exhibits  the  ES-I  local  order  [54].  The  x-ray  patterns  of  samples 
A— D  (shown  in  Fig.  1)  can  be  completely  indexed  using  the  ES-II  structure.  The  pattern 
of  sample  A  is  indexed  in  Fig.  6b  of  Ref.  [55].  The  ES-II  indexation  also  is  given  on  the 
microdensitometer  readings  for  the  equatorial  directions,  Fig.  If. 

The  ES-II  chain  array  can  be  accounted  for  by  the  Pc2a  or  orthorhombic  space 

groups,  where  ^or  sample  A  the  lattice  parameters  are  a  =  7.0  and  b  =  8.2  in  the  equatorial 
directions  uiid  c  =  10.4  in  polymer  chain  direction.  The  lattice  parameter  b  is  slightly  sample 
dependent,  being  8.05  for  samples  B  and  D  and  7.9  for  sample  C.  The  ES-I  structure  is  less 
accurately  known  and  has  a  lower  (monoclinic  or  triclinic)  symmetry.  In  the  case  of  sample 
E  the  ES-I  local  order  can  be  easily  identified  by  the  presence  of  two  broad  reflections  at 
small  Bragg  angles,  i.e.,  26  ~  9.5°  and  ~  15°  or  d  ~  9.3  and  ~  5.9  ,  respectively  (arrows. 
Fig.  If). 

Fig.  If  shows  that  the  (010)  and  (200)  ES-II  reflections  progressively  broaden  and  de¬ 
crease  in  intensity  from  sample  A  to  D.  Also,  it  is  evident  that  the  change  is  less  important 
for  the  strongest  (200)  reflections.  The  x-ray  patterns  of  samples  C  and  D  are  very  similar. 
The  crystalline  domain  size  or  coherence  length  ((^)  can  be  estimated  from  the  angular  width 
A(20)  of  some  of  the  well  defined  reflections  using  the  Scherrer  equation,  Eq.  19. 

Thp  ccl  jrence  lengths  and  of  samples  A-D  have  been  deduced  from  the  width 

of  the  (200),  (010)  and  (002)  ES-II  reflections,  respectively.  For  sample  E,  an  isotropic  ^ 
was  estimated  from  the  width  of  the  two  broad  halos  at  small  6.  These  values  are  listed  in 
Table  I  (error  estimated  at  ±5  )  and  show  ^  basically  decreasing  from  sample  A  to  E. 

The  wide  range  of  local  order  or  crystallinity  in  polyaniline  depends  upon  the  details 
of  the  chemical  processing,  such  as  the  degree  of  crosslinking,  molecular  weight  and  stretch 
ratio.  With  this  in  mind  high  molecular  weight  XPAN-ES  samples  can  be  divided  into 
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two  familios;  (a)  thoso  doped  in  the  unstretched  form  which  are  poorly  crystallized  and 
exhibit  the  ES-I  local  order  [56]  and  (b)  those  doped  in  the  stretched  form  showing  improved 
crystallinity  and  the  ES-II  chain  array.  However,  it  is  evident  (Table  I)  that  the  crystallinity 
of  the  hign-'  crosslinked  sample  B  is  l""s  imp’'oved  by  stretching  than  is  the  intermediate 
crosslinked  sample  A.  This  probably  results  from  the  greater  rigidity  of  the  polymer  chains 
in  the  highly  crosslinked  material.  In  contrast,  the  low  molecular  weight  XPAN-ES  sample, 
doped  in  the  imstretched  form  exhibits  a  medium  crystallinity  and  the  ES-II  chain  array 
structure  [57] .  However,  its  crystalline  features  were  not  substantially  improved  by  doping  in 
the  stretched  form,  sample  C.  Table  I  shows  that  in  spite  of  a  higher  degree  of  stretching  the 
highly  crosslinked  sample  C  is  slightly  less  crystalline  than  the  highly  crosslinked  sample,  B, 
which  has  a  higher  molecular  weight.  Also  from  Table  I  the  low  molecular  weight  standard 
PAN-ES  (sample  D)  is  slightly  less  crystalline  than  the  low  molecular  weight  high-XPAN-ES 
(sample  C).  However,  these  two  families  have  a  quite  different  crystallinity  in  their  doped 
unstretched  form.  While  unstretched  XPAN-ES  exhibits  a  medium  crystallinity  and  the 
ES-H  chain  array  structure,  the  unstretched  PAN-ES  is  strongly  disordered  with  ES-I  local 
order.  The  non-XPAN-ES  unstretched  material  (sample  E)  also  is  strongly  disordered  with 
ES-1  local  order.  However,  it  differs  from  the  other  samples  in  that  a  strongly  disordered 
state  is  maintained  in  the  doped  12.5  x  stretched  form  in  spite  of  a  change  from  ES-I  to 
ES-H  local  order. 

C.  Direct  current  and  high-electric  field  dependent  conductivity 

The  temperature  dependence  of  the  dc  conductivity,  crdc(T),  for  the  XPAN-ES  and  PAN¬ 
ES  samples  is  shown  in  Fig.  2  plotted  as  log  <7  vs  for  comparison  with  the  quasi-lD 

VRH  model.  Inset  in  Fig.  2  is  a  schematic  representation  of  the  inhomogeneous  disorder 
model  for  polyaniline  where  3D  crystalline  regions  are  coupled  to  form  a  3D  network  by  single 
chains  passing  through  the  disordered  regions.  The  values  of  To  based  on  fits  the  to  the  quasi- 
ID  VRH  model  are  listed  in  Table  11.  Note  that  for  samples  A(ll),  B(|l)  and  C(l|)  the  model 
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holds  for  temperatures  below  ~  100  K,  while  for  samples  D(||)  and  unstretched  E  it  provides 
the  best  fit  over  the  entire  temperature  range.  As  the  crystallinity  or  coherence  length 
increases,  Tq,  the  effective  energy  separation  between  localized  states,  decreases.  This  implies 
that  I  ilyme"  chains  in  disordered  regions  also  are  more  coherently  aligned  in  accordance 
with  the  results  of  the  x-ray  scattering  experiments.  This  suggests  that  in  the  samples  with 
the  highest  crystallinity  the  localized  charges  in  the  disordered  regions  can  more  readily 
delocalize  over  several  metallic  islands.  This  may  cause  the  deviation  of  (Tdc{T)  from  the 
quasi-lD  VRH  model  observed  in  samples  A(||),  B(||)  and  C(||)  above  ~100  K.  Also  the 
anisotropy  in  the  conductivity  of  the  stretched  samples  was  (Jdc{\\)l >  5  over  the 
measure^'  *-emperature  range. 

The  T— dependent  parallel  and  perpendicular  (t{T)  of  HCl  doped  12.5  times  stretched 
sample  E  was  also  studied,  Fig.  2.  While  log(cr||)  is  still  proportional  to  over  the 

entire  temperature  range  with  Toji  ~  3800  K,  essentially  unchanged  from  the  isotropic 
value,  the  conductivity,  (7||(300  K),  has  increased  approximately  two-fold  compared  to  the 
room  temperature  conductivity  of  the  unstretched  sample.  Similarly,  log(u-x)  above  ~  100  K 
is  also  proportional  to  however  Tq.x  is  approximately  9800  K  consistent  with  (Ti(300 

K)  almost  four  times  smaller  than  the  conductivity  at  room  temperature  of  the  unstretched 
sample  and  roughly  one  order  of  magnitude  smaller  than  cry  (300  K). 

The  electric  field  dependent  conductance,  G{E),  of  sample  B  at  a  constant  temperature 
of  62  K  in  the  region  of  quasi  ID- VRH  was  measured.  The  data  is  plotted  in  Fig.  3  as 
Ln(G)  vs.  (Ln(G)  vs.  E  and  E^!'^  are  inset  in  Fig.  3  for  comparison  to  Eq.  2)  where 
the  condiw+ance  is  related  to  the  contuctivity  by  geometric  factors,  i.e.,  G  =  Aa/l  where 
A  is  an  area  and  I  is  a  length.  The  data  in  Fig.  3  is  nearly  linear  for  1/(1  -h  d)  =  1/2 
consistent  with  the  quasi  ID-VRH  model.  However  compared  to  the  linear  regression  line 
(dashed  line  in  Fig.  3)  shows  a  slight  negitive  concavity.  The  best  fit  of  the  data  to  Eq.  2 
gives  1/(1  +  d)  =  0.67  still  in  good  agreement  with  the  quasi  ID- VRH  model. 
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D.  Thermoelectric  power 


The  temperature  dependence  of  the  thermoelectric  power,  S{T),  for  the  two  most  highly 
crystalline  samples,  A(||)  and  B(||),  and  the  least  crystalline  sample,  E,  are  shown  in  Fig. 

4.  The  positive  thermoelectric  power  observed  in  samples  A(||)  and  B(||)  imply  a  net  p- 
type  conduction  mechanism.  Also  for  these  two  samples,  dS{T)/dT  continuously  increases 
above  150  K,  which  may  reflect  phonon  induced  charge  delocalization.  For  the  most 
disordered  sample  E,  S{T)  is  negative  except  at  temperatures  <  80  K.  Also  S{T)  shows  a 
complex  temperature  dependence  with  a  positive  slope,  dS(T)ldT,  for  T  >  200  K  and  a 
minimum  at  ~  200  K.  For  sample  E,  the  percent  crystallinity  and  crystalline  domain  size 
are  negligibly  small  compared  with  the  more  crystalline  samples.  Thus,  contributions  to 
the  thermoelectric  power  from  the  disordered  regions  will  dominate  possibly  accounting  for 
the  reduced  S  above  ~  200  K  and  the  change  in  sign.  The  important  result  is  that  the 
temperature  dependent  thermoelectric  power  becomes  increasingly  metal-like  {Sm  oc  T)  as 
the  crystallinity  increases. 

Shown  in  Fig.  4  as  the  solid  curves  are  the  fits  of  Eqs.  4  to  the  experimental  S{T) 
for  samples  A(|l),  B(||)  and  E.  Good  fits  over  the  entire  measured  temperature  range  are 
obtained  for  all  three  of  these  samples.  The  coefficients  Ai,  A2,  A3  and  A4  are  listed  in  Table 
III.  Comparing  these  coefficients,  the  sign  of  each  term  in  Eqs.  4  is  the  same  across  all  three 
samples.  The  contribution  to  the  thermoelectric  power  in  sample  E  from  q\iasi-lD  and  3D 
VRH  are  relatively  large  compared  to  that  of  the  two  more  crystalline  samples,  indicating 
that  in  less  crystalline  materials  the  thermoelectric  power  is  dominated  by  contribution  from 
the  disordered  regions. 

It  is  noted  that  the  ratio  of  A2  to  Ai  is  nearly  the  same  for  samples  A(||),  B(||)  and 
E  (see  Table  III)  implying  that  the  ratio  of  intrachain  to  interchain  contributions  to  the 
thermoelectric  power  is  approximately  constant  for  regions  of  these  samples  where  quasi- 
ID  VRH  dominates.  The  largest  linear  (“metallic”)  contribution  for  the  least  conducting 
sample  (E)  may  reflect  the  proportionality  of  the  metallic  contribution  to 
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Here  n  is  the  charge  carrier  density,  [j,  their  mobility  and  E  the  energy.  The  narrower 
bandwidth  for  the  more  disordered  samples  would  then  lead  to  larger  dix/dE  and  dn/dE 
terms  and  therefore  a  larger  “metallic”  thermoelectric  power. 


E.  Microwave  conductivity  and  dielectric  constant 

Fig.  5  shows  the  temperature  dependence  of  the  6.5  GHz  dielectric  constant,  emw{T),  for 
the  XPAN-ES  and  PAN-ES  samples  below  100  K.  The  value  of  Cmw  at  100  K  increases  with 
increasing  sample  crystallinity.  In  samples  A(||),  B(||)  and  C(||),  tmw{T)  is  approximately 
oc  and  for  samples  D(||)  and  E  it  is  roughly  oc  T  (for  T  <  100  K).  In  this  regime  we 
apply  the  IMSM  in  the  low  frequency  limit  (Eqs.  8  and  9)  assuming  the  charge  motion  is 
confined  to  isolated  metallic  islands  and  the  energy  is  insufficient  to  overcome  the  disordered 
potential  barriers  between  metallic  islands.  Assuming  t/j  oc  (^  +  QT),  the  IMSM  predicts 
Cmw  for  highly  crystalline  materials,  samples  A(|l),  B(||)  and  C(||),  and  oc  T  for  less 
crystalline  materials,  samples  D(||)  and  E.  This  is  in  agreement  with  the  low  temperature 
^mw{T)  data  and  directly  demonstrates  the  central  role  of  processing  induced  local  order 
in  developing  the  metalic  state.  Based  upon  the  MBM  [44]  the  increase  in  emw  as  T  — »■  0 
implies  that  the  size  of  the  metallic  islands  (or  localization  length,  L)  increases  in  accord 
with  the  x-ray  diffraction  results.  The  expansion  of  the  metallic  regions  with  increasing 
temperature  is  consistent  with  the  presence  of  more  coherently  organized  chains  between 
metallic  islands. 

A  logarithmic  plot  of  the  temperature  dependent  microwave  conductivity,  <Tmw{T),  of 
samples  A— E  for  T  <  100  K  is  shown  in  Fig.  6.  The  slopes  are  ~  2.34,  ~  2.54  and  ~  2.74 
S-K-cm"^  for  samples  A(|l),  B(ll)  and  C(l|)  respectively,  and  <  2  S-K-cm“^  for  samples 
D(||)  and  E.  These  results  indicate  that  in  more  crystalline  materials  (samples  A,  B,  and 
C),  (Tmw{T)  oc  ei{T),  is  dominated  by  the  and  terms,  while  in  the  more  disordered 
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materials  (samples  D  and  E)  the  T‘^  and  T  terms  are  dominant  in  agreement  with  the 
temperature  dependent  conductivity  predicted  by  the  IMSM.  Hence  f2(T)  is  dominant  in 
the  less  disordered  samples. 

Temperaiaire  dependc..,  e  (<  300  Kj  of  the  microwave  dielectric  constant  for  the  XPAN- 
ES  and  PAN-ES  samples  are  shown  in  Figs.  7  and  8  for  orientations  parallel  and  perpendicu¬ 
lar  to  the  chain  direction,  respectively.  The  anisotropy  in  the  microwave  dielectric  constant, 
emw(||)/emu;(-L),  at  room  temperature  is  ^  10  for  samples  A,  B  and  C.  The  room  temper¬ 
ature  value  of  Cmtudl)  dramatically  increases  from  ~  800  for  the  most  disordered  sample 
(E)  to  ~  3.3  X  10'^  for  the  highest  crystalline  XPAN-ES  a  nearly  exponential  temperature 
dependence.  The  room  temperature  values  of  emio(ll)  for  samples  A,  B  and  E  were  confirmed 
using  a  microwave  impedance  bridge  method.  For  example,  in  sample  B  at  room  temper¬ 
ature  emu)(||)  was  ~  2  X  10"^  to  3  x  10^  from  the  x-band  (8.2—12.4  GHz)  impedance  bridge 
experiments.  As  the  crystallinity  increases,  €mw{T)  changes  from  a  power  law  to  a  nearly 
exponential  temperature  dependence. 

Nakhmedov’s  model  [46],  which  considers  more  than  one  hop  at  a  finite  frequency,  has 
been  used  to  interpret  emw  at  high  temperatures  (T  roughly  >  100  K).  This  theory  predicts 
€jnw  oc  exp[T/ro(ln(l/tx'ri.))^]  where  To  is  the  slope  of  the  temperature  dependent  dc  con¬ 
ductivity,  tj_  is  an  interchain  charge  transfer  integral  and  t±  is  the  interchain  hopping  time. 
Because  of  the  small  To  in  samples  A(||),  B(||)  and  C(||),  Cmw  has  an  exponential  temperature 
dependence.  From  the  insert  in  Fig.  7,  which  is  the  extended  scale  of  emtu(T)  for  T  >  200  K, 
the  interchain  hopping  time  t±_  is  determined  to  be  ~  10“^^  sec  for  both  samples  A(||)  and 
C(||)  fi"^uinmg  =  0.3  eV.  It  is  noted  that  this  value  of  r  (  10'^^  sec)  is  the  same  order  as 
T  determined  in  fitting  the  optimal  conductivity  for  the  localized  charge  carrier  of  camphor- 
sulfonic  acid  doped  polyaminline  [22].  However,  in  the  lower  crystalline  samples  with  large 
To,  emw{T)  can  be  approximated  by  a  power  law.  The  previous  and  present  measurements 
of  emw{T)  for  sample  D(l|)  show  a  e-mw{T)  oc  T^  behavior  [29].  The  exponential  increase 
in  trnw{T)  and  its  large  positive  value  (>10^)  at  room  temperature  support  the  increase  in 
size  of  the  metallic  regions  and  more  coherent  chain  alignment  in  the  disordered  regions.  In 
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less  crystalline  materials,  the  charge  delocalization  is  not  effective  because  the  irregular  and 
high  potential  barriers  interrupt  the  charge  delocalization. 

F.  Electron  paramagretic  resonance 

In  this  section  we  report  measurements  of  the  EPR  temperature  dependence  for  samples 
A  and  E,  the  highest  (3.5  times  stretched)  and  lowest  (unstretched)  crystalline  samples, 
respectively.  The  g  values  of  both  samples  are  ^  2.0032  from  room  temperature  to  30 
K.  The  susceptibility  of  samples  A  and  E  have  been  estimated  from  the  EPR  integrated 
intensities  calibrated  against  a  Cu(II)S04  ■  5H2O  standard  and  are  plotted  in  Fig.  9  as  yT 
vs  T.  As'^”raing  the  total  susceptibility  (y)  is  composed  oi  a  Pauli  (yp)  and  Curie  (yc  =  C/T 
where  C  is  the  Curie  constant)  component,  linear  fits  to  yT  (Fig.  9  dashed  lines)  over  the 
temperature  range  for  which  the  linewidth  increases  linearly  with  T  (20  to  300  K  for  sample 
A;  150  to  300  K  for  sample  E)  give  yp[A]  =  3.77  x  10“^  emu-mol“\  Xp[^]  —  1-2  x  10“^ 
emu-mol“\  C[A\  =  0.0162  emu-K-mol“\  and  C\E]  =  0.035  emu-K-mol“h  A  molecular 
weight  of  250.72  g-mol“^  is  used  corresponding  to  a  two  ring  unit  of  PAN-ES  and  includes  a 
15%  by  wt.  NMP  content.  From  yp  the  average  density  of  states  at  the  Fermi  energy  for  the 
two  samples  is  estimated  to  be  A(ep)[A]  =  1.17  states(eV-2-rings)“^  and  N{eF)[E]  =  0.37 
states(eV-2-rings)“h  Similarly,  the  density  of  Curie  spins  is  estimated  to  be  0.043  and  0.092 
spins  per  2-rings  for  samples  A  and  E,  respectively. 

In  general  EPR  lineshapes  (i.e.,  linewidths)  are  determined  by  spin-spin  (hyperfine,  dipo¬ 
lar,  etc.)  interactions,  narrowing  mechanisms  (spin  diffusion,  rotation  and  exchange)  and 
spin-lattice  relaxation.  In  systems  that  do  not  have  complicated  lineshapes,  i.e.,  homoge¬ 
neously  broadened  (Lorentzian)  lines,  the  spin-spin  interactions  and  effects  of  any  narrow¬ 
ing  mechanisms  can  be  described  in  terms  of  an  effective  spin-spin  relaxation  time  T2.  For 
an  EPR  spectrum  with  a  Lorentzian  lineshape  the  halfwidth  at  half  maximum  (HWHM) 
linewidth  can  be  written 
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where  7  is  the  gyromagnetic  ratio  and  Tj  is  the  spin-lattice  relaxation  time  [58].  In  con¬ 
ducting  polymers  the  hyperfine  and  dipolar  broadening  of  a  resonance  will  be  limited  by 
narrowing  due  to  spin  diffusion  [59].  Thus  increases  in  conductivity  will  increase  the  effec- 
tivenr'ss  of  spin  diffusion  to  narrow  the  EPR  linewidth.  This  is  reflected  as  a  decrease  in 

rp-l 

J-2  ■ 

The  conductivity  at  room  temperature  of  sample  A(||)  is  roughly  an  order  of  magnitude 
larger  than  in  sample  E  and  at  low  temperatures  roughly  two  orders  of  magnitude  larger. 
Assuming  the  hyperfine  and  dipolar  interactions  in  these  samples  are  the  same,  it  follows  that 
the  1  /T2  contribution  to  the  total  linewidth  will  be  smaller  in  sample  A  than  in  E.  However, 
the  experimental  linewidths  of  sample  A  are  3  to  8  times  larger  than  those  of  sample  E  for 
the  entire  temperature  range.  Fig.  10.  Further,  from  a{T)  the  I/T2  linewidth  contribution 
for  both  samples  should  decrease  with  increasing  temperature.  However,  only  in  sample  E 
below  150  K  is  the  linewidth’s  temperature  dependence  consistent  with  a  l/r2  dominated 
linewidth.  In  sample  A  above  40  K  and  in  sample  E  above  150  K  we  observe  a  linewidth 
which  increases  roughly  linearly  with  temperature  consistent  with  a  (l/2Ti)  dominated 
linewidth.  In  Fig.  11,  the  estimated  slopes  (dashed  lines)  of  AH{T)  are  7.7  x  10“^  G-K"^ 
and  6.7  x  10“'^  G-K“^  for  samples  A  and  E,  respectively.  The  lineshapes  for  both  samples 
are  Lorentzian  consistent  with  3D  spin  diffusion  as  opposed  to  lower  dimensional  lineshapes 
reported  for  lower  conductivity  polyaniline  and  polyaniline  derivatives  [29,60,61]. 

A  possible  explanation  is  that  the  faster  relaxation  time,  Ti,  in  sample  A  relative  to  E 
and  its  Lorentzian  lineshape  may  be  explained  in  terms  of  spin-spin  interaction  between  the 
conduction  electrons  of  the  metallic  islands  and  the  localized  spins  of  localized  polarons  in 
the  surrounding  disordered  regions  giving  rise  to  added  relaxation  routes.  Earlier  coordi¬ 
nated  magnetic  and  x-ray  diffraction  studies  showed  the  localized  states  in  the  disordered 
regions  of  partially  crystalline  HCl  doped  polyaniline  were  primarily  spinless  bipolarons  [43] . 
Therefore,  in  the  higher  crystalline  materials,  such  as  sample  A,  a  few  localized  polarons 
in  the  disordered  regions  may  dominate  the  magnetic  relaxation.  Thus,  a  modest  density 
of  localized  polarons  (0.098  and  0.036  spins  per  2  rings  for  samples  A  and  E,  respectively) 


22 


would  dominate  the  relaxation  process  in  these  materials.  The  dynamical  properties  for 
systems  containing  magnetic  ions  in  metals  where  localized  spins  and  conduction  electrons 
interact  via  exchange  have  been  studied  in  terms  of  the  modified  Bloch  equations  of  motion 
proposed  by  Basegawa  [62j.  Assuming  the  isothermal  limit  [63],  the  effective  spin-lattice 
relaxation  is  roughly  given  by  the  Korringa  relaxation  rate.  Thus,  Aif  oc  N^{eF)T  where 
N{ej?)  is  the  density  of  states  at  the  Fermi  energy,  and  the  linewidth  is  expected  to  increase 
linearly  with  temperature  in  this  region  consistent  with  Fig.  10.  Further,  using  the  A/’(e^)[A] 
and  A^(eF)[£^]  values  obtained  from  Fig.  9  and  d{AH)/dT  oc  N'^{ep)  it  follows  that 


dAH[A]  /dAH[E] 
dT  [  dT 


NjepM 

N{ej.)[E] 


This  is  roughl_y  consistent  with  the  ratio  of  the  slopes  of  AH{T)  obtained  from  Fig.  10  of 
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Summarizing  the  EPR  study,  the  density  of  states  and  density  of  Curie  spins  determined 
for  sample  A  and  E  are  in  agreement  with  the  earlier  studies  showing  metallic  Pauli  suscepti¬ 
bility  in  the  ordered  regions  and  predominantly  spinless  bipolarons  with  occasional  polarons 
in  the  disordered  doped  polyanilines.  At  low  temperatures  (<  40  K  for  sample  A  and  <  140 
K  for  sample  E)  processes  appear  to  dominate  due  to  EPR  linewidth  narrowing  with 
increasing  temperature.  For  higher  temperatures  a  Korringa  relaxation  mechanism  between 
conduction  electrons  and  localized  polarons  could  account  for  the  linear  increase  in  linewidth 
with  increasing  temperature  and  the  anomalously  larger  linewidth  for  the  more  conductive 
sample.  Further,  the  known  three-dimensional  delocalization  of  the  conduction  electrons 
[19,25]  is  in  agreement  with  the  Lorentzian  lineshape  observed. 


V,  DISCUSSION 


In  this  section,  we  discuss  the  mesoscopic  metallic  states  of  the  highest  crystalline  HCl 
doped  polyanilines  based  upon  the  nature  of  the  metallic  states  of  the  ordered  (or  metallic) 
regions  and  the  charge  transport  properties  in  the  disordered  regions. 
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The  low  temperature  microwave  dielectric  response  of  various  crystalline  polyaniline  ma¬ 
terials  provides  information  about  the  intrinsic  properties  of  the  metallic  regions.  At  low 
temperatures,  the  microwave  dielectric  constant  of  each  sample  asymptotically  approaches 
a  unique  value  traw{T  0),  which  increases  with  increasing  Fig.  5.  Using  Eq.  5  in  the 
MBM  and  assuming  L  ^  the  plot  of  emUT  0)  vs  as  shown  in  Fig.  11  yields  the 
density  of  states  N{Ee)  ~  1-23  states(eV-2-rings)“h  This  value  is  close  to  that  obtained 
from  magnetic  studies  [35,64].  The  fact  that  ey  oc  and  e±  oc  with  the  same  proportion¬ 
ality  constant  demonstrates  the  3D  nature  of  the  metallic  state  in  the  crystalline  regains  of 
XPAN-ES  systems.  That  ^  ~  L  shows  that  the  metallic  island  size  is  directly  related  to 
the  crvstalline  domain  length  as  temperature  approaches  zero.  This  is  in  marked  contrast 
to  the  small  Cmw  reported  [15,29]  for  the  poly(o-toluidine)  HCl  doped  system  (POT-HCl) 
despite  its  apparent  crystalline  coherence  lengths  similar  to  those  of  PAN-ES.  However  the 
structural  data  demonstrate  that  there  is  substantial  paracrystalline  disorder  within  the 
POT-HCl  “crystalline”  regimes  (due  to  two  possible  positions  for  the  substituent  methyl 
group)  substantially  reducing  the  coherence  of  the  interchain  interaction  and  hence  substan¬ 
tially  reducing  conduction  electron  delocalization. 

A  positive  da/dT  and  positive  dielectric  constants  in  the  PAN-HCl  and  XPAN-HCl  sam¬ 
ples  imply  the  presence  of  localization  effects  in  these  systems,  similar  to  the  behavior  of 
amorphous  semiconductors  [17].  However,  conducting  polymers  have  a  very  different  struc¬ 
tural  unit,  i.e.,  ID  polymer  chains,  as  compared  to  3D  bonding  of  amorphous  semiconductors. 
When  polymer  chains  are  coherently  aligned,  metallic  bundles  are  formed  and  the  electronic- 
wave  tunctions  are  3D  delocalized  in  these  metallic  bundles.  In  these  regions,  one  can  ex¬ 
pect  3D  metallic  response  as  for  traditional  metals.  From  our  study  of  charge  transport  as  a 
function  of  crystallinity  in  polyaniline  materials,  the  disordered  regions  between  the  metallic 
islands  play  an  important  role  in  the  charge  localization  as  “bottlenecks” .  It  is  well  known 
that  in  a  metallic  chain  the  localization  of  carriers  arises  even  for  weak  disorder  because  of 
quantum  interference  of  static  scattering  [17].  In  contrast,  if  the  disordered  regions  behaved 
as  3D  homogeneously  disordered  materials,  the  loffe-Regel  criterion  [65]  would  require  a 
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degree  of  disorder  such  that  the  mean  free  path  is  comparable  with  the  Fermi  wavelength, 
i.e.,  small  transport  time.  For  standard  metals,  this  criterion  corresponds  to  very  strong 
disorder  and  hence  very  low  at  room  temperature.  This  mechanism  is  unlikely  for  the 
chain  structured  conducting  polymers. 

The  data  presented  here  supports  that  the  localization  effects  in  the  inhomogeneouly 
disordered  conducting  polymers  originate  from  the  ID  disordered  chains  in  the  disordered 
regions.  The  detailed  description  for  ID  localization  effects  is  presented  in  Ref.  [19].  If  the 
degree  of  order  in  the  disordered  regions  increases  (representing  the  existence  of  more  ordered 
(larger  radius  of  curvature)  chains  between  the  metallic  regions)  the  hopping  contribution 
to  the  charge  transfer  within  the  disordered  regions  with  an  active  interchain  interaction  is 
dominant  as  compared  to  direct  tunneling  between  the  metallic  regions.  The  results  of  the 
high  electric  field  dependent  conductivity  of  sample  B  (i.e.  (r{E)  =  croexp[— (£^o/-£')^^^]) 
the  existence  of  the  anisotropy  of  rrdc  ( 1 1 )  /fr^c  ( -L )  and  emw  ( 1 1 )  /  (-mw  ( -L )  support  the  applicability 
of  the  quasi- ID  VRH  model.  It  is  pointed  out  that  some  samples  of  PAN  show  nearly  no 
spatial  correlations  in  the  disordered  regions  [66]  leading  to  very  short  localization  lengths. 
This  may  account  for  the  possible  dominance  of  direct  charging  energy  limited  tunneling 
between  the  ordered  regions  [33]  in  some  samples. 

The  nearly  exponential  increase  of  the  microwave  dielectric  constant  as  temperature 
increases  is  accounted  for  by  Nakhmedov’s  model,  which  emphasizes  the  importance  of  quasi- 
ID  interchain  interaction  in  anisotropic  systems.  The  values  of  Tq  based  on  the  quasi-lD 
VRH  model  becomes  small  the  temperature  dependence  of  thermoelectric  power  becomes 
metallic  as  the  order  increases.  This  supports  that  the  polymer  chains  in  the  disordered 
regions  are  more  aligned  and  contribute  to  the  charge  delocalization  between  the  metallic 
islands. 

The  exponential  increase  of  Cmw  with  temperature  for  the  more  crystalline  samples  A— C 
indicates  that  the  charge  can  be  easily  delocalized  through  well  ordered  polymer  chains. 
The  range  of  charge  localization  is  no  longer  microscopic  for  those  materials.  The  effective 
delocalization  length  Lf,ff{RT)  using  the  room  temperature  dielectric  constant  and  the  MBM 
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model  is  estimated  assuming  that  N{Ef)  is  independent  of  temperature,  Table  IV.  Leff{BT) 
on  the  order  of  1(P  represents  a  mesoscopic  scale  for  charge  delocalization.  The  volume 
Vc  of  the  crystalline  region  is  estimated  as  1.3  x  10®  ^  utilizing  and  in  Table 

I  based  on  an  ellipsoidal  geometry.  Using  the  50  %  crystallinity  of  sample  A  obtained 
from  x-ray  diffraction  experiments,  the  volume  per  crystallite  surrounded  by  its  disordered 
“shell”  is  approximately  Vt  =  214  ^  2.6x  10®  The  volume  14  of  delocalization  can 
also  be  calculated  as  ^  1.6  x  10*  *  using  L\ieff{RT)  and  Lj_^eff{RT)-  The  ratio  ^Vd/Vt 
is  ~  8,  which  implies  that  charge  delocalization  extends  over  8  metallic  islands  in  any 
direction  assuming  isotropic  delocalization.  However,  for  samples  D  and  E,  Tq  is  relatively 
large  compared  to  samples  A  through  C,  indicating  increasea  disorder  for  the  polymer  chains 
connecting  metallic  regions,  and  the  metallic  island  size  is  smaller  than  that  of  samples  A 
through  C  (i.e.,  the  values  of  emwiT  0)  and  ^  in  samples  D  and  E  is  smaller).  For  sample 
D,  the  crystallinity  is  ~  30%  and  K,  ~  6.2  x  10^  T  The  total  volume  of  an  average  crystallite 
and  its  associated  disordered  region  (Vj  =  14/0.3)  is  ~  2.1  x  10®  ®  and  the  delocalization 
volume  obtained  is  ~  4.3  x  10*  ®  using  Leff{RT).  The  ratio  ^/vJVt  is  smaller  than  3  metallic 
islands.  This  indicates  that  charges  remain  within  the  vicinity  of  one  or  two  metallic  islands 
due  to  the  relatively  small  size  of  the  metallic  islands  and  the  presence  of  greater  disorder 
in  the  disordered  regions.  The  novel  models  for  the  anomalous  sample  and  temperature 
dependent  thermopower  and  EPR  susceptibility  and  linewidths  agree  with  model. 

VI.  SUMMARY 

The  physically  crosslinked  HCl  doped  polyaniline  systems  are  shown  to  be  inhomoge- 
neously  disordered  with  charge  delocalization  of  the  doped  polyaniline  structurally  controlled 
by  chemical  processing.  The  three-dimensional  “metallic  islands”  (associated  at  low  tem¬ 
peratures  with  crystalline  regions)  are  connected  through  the  disordered  polymer  chains. 
The  linear  dependence  of  CmwiT  0)  on  in  both  parallel  and  perpendicular  directions 
shows  that  the  metallic  state  of  crystalline  regions  in  polyaniline  has  a  3D  nature,  and 
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demonstrates  generality  of  the  results  for  the  various  crystalline  samples.  As  the  size  of 
the  crystalline  regions  increases  and  the  chains  in  the  disordered  regions  are  more  aligned, 
the  conductivity  and  microwave  dielectric  constant  increase  and  the  temperaure  dependence 
of  the  thermoelectric  power  approache^^  nearly  metallic  behavior.  Similarly,  the  delocaliza¬ 
tion  electrons  affect  the  EPR  linewidth  through  a  conduction  electron  -  localized  polaron 
relaxation  mechanism.  The  very  large  positive  €mw  of  the  highest  crystalline  materials  at 
room  temperaure  is  interpreted  as  the  response  of  a  mesoscopic  metallic  state  due  to  the 
relatively  large  effective  size  of  the  “metallic  islands”  and  the  relatively  easy  charge  trans¬ 
fer  through  the  well  ordered  chains  in  disordered  regions.  Nakhmedov’s  model  was  applied 
to  acc'^’mt  for  the  exponential  temperature  dependence  of  Cmw  for  the  highest  crystalline 
materials  at  high  temperatures.  The  quasi-lD  VRH  model  emphasizing  a  nearest  neighbor 
chain  hopping  was  used  to  account  for  the  charge  transport  mechanism  in  the  disordered 
regions.  Furthur  improvements  in  structural  order  would  then  lend  to  full  delocalization  of 
a  (processing  dependent)  fraction  of  conduction  electrons. 
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TABLES 

TABLE  I.  X-ray  coherence  length  ^  of  the  various  emeraldine  hydrochloride  (PAN-ES)  and 
“physically”  crosslinked  emeraldine  salt  (XPAN-ES)  films.  Note  that  and  are  obtained 

from  A{2d)  of  (2(;0),  (010),  and  (002)  ES-II  reflectiotjs,  respectively.  H  and  L  refer  to  high  and 
low  molecular  weight  samples,  respectively.  The  stretching  ratio  (I/Iq)  is  given  in  parentheses  (e.g., 
3.5x).  Also  shown  is  the  percent  of  crystallinity  determined  in  the  equatorial  direction  (X^*-). 

TABLE  II.  Slope  To  (fit  to  Eq.  1)  of  temperature  dependent  dc  conductivity  of  the  various 
XPAN-ES  and  PAN-ES  samples  in  parallel  and  perpendicular  directions. 

TABLE  III.  Effective  temperature  coefficients  Ai,  A2,  A3  and  A4  of  thermoelectric  power  of 
XPAN-ES  samples. 

TABLE  IV.  Room  temperature  effective  delocalization  length  Leff{RT)  of  XPAN-ES  and 
PAN-ES  samples  determined  from  ^mw  (RT). 
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FIGURES 

FIG.  1.  (a-e)  X-ray  patterns  from  A,  B,  C,  D,  and  E,  respectively  (A— 1.542  ).  The  stretching 
direction  of  sample  A—D  is  vertical,  (f)  The  x-ray  26  from  diffraction  intensity  vs.  microdensit¬ 
ometer  readings  of  samples  A-E  in  the  equatorial  direction.  The  microdensitometer  reading  of 
sample  A  has  been  indexed  with  the  ES-II  orthorhombic  frame.  The  arrows  point  towards  the  po¬ 
sition  of  the  two  broad  peaks  characteristic  of  ES-I  local  order,  for  the  microdensitometer  reading 
of  sample  E. 

FIG.  2.  (a)  logcTpc  vs.  of  dc  conductivity  of  XPAN-ES  and  PAN-ES  samples  in  both 

parallel  and  perpendicular  directions.  Data  for  sample  D(||)  are  from  Ref.  [29].  Inset:  Schematic 
representation  of  inhomogeneous  disorder  model  for  polyanilme;  3D  crystalline  regions  are  coupled 
into  a  3D  network  by  single  chains  passing  through  the  disordered  regions  (from  Ref.  [25]).  (b) 
logaoc  vs.  fQj.  hqi  doped  12.5 x  stretched  sample  E. 

FIG.  3.  Electric  field  dependent  conductance  of  sample  B  at  62  K  measured  using  a  two  probe 
method.  The  data  is  plotted  as  Ln(G)  vs.  where  G  =  Aa/l  and  A  and  I  are  dependent  on 
the  sample  geometry.  Inset  are  plots  of  Ln((7)  vs.  E  and  Ln(G)  vs,  for  comparision  to  Eq. 

2. 

FIG.  4.  Thermoelectric  power  of  selected  XPAN-ES  samples  as  a  function  of  temperature.  The 
solid  lines  are  guides  to  the  eye  for  comparision  with  Eq.  (4). 

FIG.  5.  Temperature  dependence  of  the  microwave  dielectric  constant  Emw  of  XPAN-ES  and 
PAN-ES  samples  at  low  temperature  (T  <  100  K).  The  solid  curves  are  guides  to  the  eye. 

FIG.  6.  Temperature  dependent  microwave  conductivity  amw{T)  of  XPAN-ES  and  PAN-ES 
materials  at  low  temperature  (T  <  100  K).  The  solid  lines  are  curves  for  comparison  with  the 
interrupted  metallic  strand  model  (IMSM). 
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FIG.  7.  The  comparison  of  microwave  dielectric  constant  ernw{T)  in  the  parallel  direction  for 
XPAN-ES  and  PAN-ES  samples.  Inset:  log{emw)  vs.  T  for  T  >  200;  where  the  linear  regression 
lines  (dashed  lines)  for  samples  A  and  C  are  shown  for  comparision  to  rj.  of  the  Nakhmedov  et  al. 
model. 

FIG.  8.  The  comparison  of  microwave  dielectric  constant  €mw{T)  in  the  perpendicular  direction 
for  XPAN-ES  samples. 

FIG.  9.  Plots  of  xT  vs.  temperature  for  samples  A  and  E  where  x  is  estimated  based  on  the 
EPR  integrated  intensities  referenced  to  a  DPPH  standard.  The  dashed  lines  estimate  the  average 
slope  over  the  temperatures  range  where  the  linewidth  increases  linearly  with  T,  ~  20  -  300  K  and 
~  150  -  300  X  for  sample  A  and  E,  respectively. 

FIG.  10.  Plots  of  the  half  width  at  half  maximum  (HWHM)  linewidth  vs.  temperature  for 
samples  A  and  E.  The  dashed  lines  are  drawn  to  emphasize  the  linear  temperature  dependence. 

FIG.  11.  Plot  of  ernw{T  0)  vs  the  square  of  crystalline  coherence  for  various  XPAN 
samples.  The  is  assumed  to  be  ^  (from  Ref.  [21]). 
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